A new and direct approach to the construction of the core framework of the herbicidal natural products cornexistin and hydroxycornexistin has been developed. Formation of the nine-membered carbocycle found in the natural products has been accomplished by an intramolecular Nozaki-Hiyama-Kishi reaction between a vinylic iodide and an aldehyde. Good yields of carbocyclic products were obtained from the reaction, but diastereomeric mixtures of allylic alcohols were produced. The cyclisation reaction was successful irrespective of the relative configuration of the stereogenic centres in the cyclisation precursor.
Introduction

Isolation and Herbicial Activities of the Cornexistins
Cornexistin and hydroxycornexistin are structurally unique members of the nonadride family of natural products ( Figure 1 ) [1] [2] [3] [4] [5] . Cornexistin was first isolated from a culture of the fungus Paecilomyces variotii Bainier (strain SANK 21086) by researchers at Sankyo Co. in 1987 and hydroxycornexistin was isolated from the same strain of the fungus by workers at DowElanco eight years later. Both compounds have attracted the interest of the agrochemical industry because of the potent and selective herbicidal activities they possess and because they are prone to rapid degradation on exposure to light or when treated with acid or base [6] . The cornexistins are unusual members of the nonadride family of natural products because they possess a single maleic anhydride unit embedded in their structures whereas most of the other nonadrides possess two [7] .
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Previous Synthetic Studies on the Cornexistins
Although the cornexistins have significant potential as novel lead compounds in the search for new herbicides, they have been the subject of few synthetic studies and very little has been published concerning their total synthesis. Aside from our own previously published work (vide infra) [9, 10] , the only attempt to synthesise either cornexistin or hydroxycornexistin to have been reported is that of Taylor and co-workers [11] . In this study, the oxidative ring opening of a hexahydroindene system was used to create the fully functionalised nine-membered carbocyclic core structure. However, this approach did not culminate in the total synthesis of either natural product.
Our interest in both cornexistin and hydroxycornexistin as targets for total synthesis was aroused by the combination of the synthetic challenges presented by the natural products and their potent herbicidal activities. Both compounds possess a relatively rare nine-membered carbocycle fused to a highly reactive maleic anhydride unit, a combination of structural features that poses a formidable test to conventional methods of ring construction. The cornexistins also present several interesting problems concerning stereocontrol; control of the exocyclic alkene configuration is especially challenging.
We have already shown that a ring-closing metathesis (RCM) reaction can be used to construct the core of the cornexistins from a relatively simple diene precursor [9] . Dihydroxylation of the resulting ∆ 5,6 -cyclononene resulted in installation of hydroxyl groups at C-5 and C-6. Unfortunately, the configuration at the hydroxyl-bearing carbon (C-5) was not that found in the natural products and all attempts to invert the configuration at this stereogenic centre were unsuccessful. Ultimately, a synthesis of 5-epi-hydroxycornexistin was completed instead of the natural product [10] .
The failure of the original route motivated us to explore a completely new approach to the synthesis of cornexistin and hydroxycornexistin. In this second-generation approach, we planned to create the C-5 stereogenic centre with the correct configuration during the cyclisation reaction used to assemble the nine-membered ring, instead of attempting to perform late-stage introduction of the hydroxyl group after ring construction.
Retrosynthetic Analysis of the Cornexistins and Synthesis Design
The synthetic strategy we chose to adopt in our second-generation approach to the synthesis of the cornexistins was informed by the retrosynthetic analysis presented in Scheme 1. Conversion of the C-6 carbonyl group into an exocyclic alkene and transformation of the maleic anhydride unit into a furan suggested i as a late-stage intermediate. Tethering of the C-8 hydroxyl group and C-14 carbon in the form of a butenolide and ring-opening of the C-5-C-6 bond by scission of the allylic alcohol then led to the aldehyde ii. Subsequent functional group conversion of the iodoalkene into an alkyne and the aldehyde into a hydroxyl group suggested the alcohol iii as intermediate. Finally, cleavage of the C-9-C-10 bond resulted in the disconnection of the compound into two relatively simple fragments of similar size and complexity: the halomethylfuran iv and the metallated butenolide v.
The key step in the synthetic route suggested by the retrosynthetic analysis presented in Scheme 1 was the intramolecular Nozaki-Hiyama-Kishi (NHK) reaction of a vinylic halide with an aldehyde [12] . At the outset of our synthetic studies there appeared to be no published examples of the use of this reaction to construct a nine-membered carbocycle. However, after completion of the work described in this paper [13] , Hosokawa and co-workers reported the use of an intramolecular NHK reaction to prepare a nine-membered carbocycle during their synthesis of the fused bicyclic core structure of the marine natural product cristaxenicin A [14] . 
Results and Discussion
Synthesis of the Butenolide Fragment 4
Synthetic work commenced with the four-step synthesis of the stannylated lactone 4 (corresponding to intermediate v in the retrosynthetic analysis) from the simple 4-aminobut-2-enolide 1, which was prepared by the condensation reaction of tetronic acid with pyrrolidine (Scheme 2) [15] . Deprotonation of the lactone 1 with t-butyl lithium and alkylation of the resulting anion with TIPS-protected propargyl bromide [16] afforded the alkyne 2 in high yield when an excess (typically five equivalents) of the alkylating agent was employed. Enamine hydrolysis under acidic conditions and conversion of the resulting enol into the stable enol triflate 3 was followed by a palladiumcatalysed reaction with hexamethyl ditin to produce the required stannane 4 (NMR spectra in Supplementary Material) in reasonable yield [17] . 
Synthesis of the Chloromethylfuran Fragment 12
Chloride 12 (corresponding to iv in the retrosynthetic analysis), the coupling partner required for construction of the complete carbon skeleton of hydroxycornexistin, was synthesised from the known aldehyde 5 (available from a 3,4-furandicarboxylate diester) as shown in Scheme 3 [18] . Grignard addition of n-propylmagnesium bromide to the aldehyde 5 delivered the alcohol 6 and this compound was oxidised with manganese (IV) oxide to produce the ketone 7. Wittig methylenation of the ketone 7 afforded the alkene 8 and a subsequent hydroboration reaction provided the alcohol 9. Protection of the alcohol as a t-butyldiphenylsilyl ether produced the furan 10 and selective cleavage of the t-butyldimethylsilyl ether delivered the alcohol 11. The alcohol 11 was converted into the chloride 12 (NMR spectra in Supplementary Material) directly and in high yield upon treatment with methanesulfonyl chloride [19] . Thus, the aldehyde 5 was converted into the chloride 12 in 7 steps and with an overall yield of 50% (an average yield of > 90% per step). 
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Palladium-Mediated Coupling of the Stannane and Chloride to Complete the Skeleton of Hydroxycornexistin
The stannane 4 and the chloride 12 were subjected to a high-yielding sp 2 -sp 3 coupling reaction mediated by the combination of tris(dibenzylideneacetone)dipalladium(0) and triphenylarsine (Scheme 4) [20] . The resulting bicyclic compound 13 was then subjected to double desilylation to reveal the alcohol 14. Palladium-mediated regioselective hydrostannylation of the alkyne followed by tin-iodine exchange delivered the vinylic iodide 15 [21] . A mixture of diastereomers had been generated as a consequence of the coupling of two racemic fragments (4 and 12), but the diastereomeric iodides 15a and 15b (NMR spectra in Supplementary Materials) were separable by standard silica gel column chromatography, which allowed them to be characterized fully (vide infra) and the NHK cyclisation reaction of each isomer to be explored separately. 
Construction of the Nine-Membered Ring of Hydroxycornexistin by Use of the Nozaki-Hiyama-Kishi Reaction
Cyclisation of the aldehyde (corresponding to ii in Scheme 1) generated from the vinylic iodide 15a, the diastereomer that possesses incorrect relative stereochemistry (S*,S*), was explored first Scheme 3. Synthesis of the chloromethylfuran 12. Reagents and conditions: a n-PrMgCl, THF, -78 • C→rt, 90%; b MnO 2 , CH 2 Cl 2 , reflux, 90%; c Ph 3 PCH 3 Br, NaHMDS, THF, 0 
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Cyclisation of the aldehyde (corresponding to ii in Scheme 1) generated from the vinylic iodide 15a, the diastereomer that possesses incorrect relative stereochemistry (S*,S*), was explored first (Scheme 5). Oxidation was performed using the Dess-Martin periodinane and treatment of the resulting aldehyde with a large excess of chromium(II) chloride and a sub-stoichiometric amount (10 mol%) of nickel(II) chloride in dry, degassed DMSO promoted an intramolecular NHK reaction to give the tricyclic products 16a and 16b in yields of 49% and 13% respectively (NMR spectra in Supplementary Material). The major isomer (16a) was a crystalline solid and crystals suitable for analysis by X-ray diffraction were obtained [22] . X-ray diffraction data confirmed that the alcohol 16a has the relative stereochemistry shown and by extension that 15a is the diastereomer shown in Scheme 5.
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Scheme 5. Cyclisation of 15a to give the nine-membered ring by use of a Nozaki-Hiyama-Kishi reaction.
The cyclization reaction of the aldehyde derived from the alcohol 15b was also explored (Scheme 6). Oxidation of the alcohol 15b proceeded in excellent yield and treatment of the resulting aldehyde with a large excess of chromium(II) chloride and a sub-stoichiometric amount (13 mol%) of nickel(II) chloride in dry, degassed DMSO produced an inseparable mixture (2.4:1 ratio, C-5 configuration not established) of the diastereomeric alcohols 16c and 16d (NMR spectra in Supplementary Material) in 43% yield. In an attempt to improve the diastereomeric ratio of the allylic alcohols, an oxidation and reduction sequence was performed. Oxidation of the mixture of alcohols produced the enone 17 ( 1 H-NMR spectrum in Supplementary Material) and subsequent Luche reduction returned a mixture of the alcohols 16c and 16d with a similar diastereomeric ratio to that obtained from the original NHK cyclization reaction. 
Conclusions
We have shown that it is possible to assemble the core structure of the cornexistins by a short and convergent route. Palladium-mediated sp 2 -sp 3 coupling of the vinylic stannane 4 with the chloromethylfuran 12, conversion of the coupled product 13 into the vinylic iodides 15 and subsequent sequential oxidation and intramolecular Nozaki-Hiyama-Kishi (NHK) reaction was used to construct the nine-membered ring. The intramolecular NHK reactions of aldehydes derived from alcohols 15a and 15b have been accomplished in reasonable yield, which demonstrates that cyclisation is successful irrespective of the relative configuration of the stereogenic centres present in the vinylic iodide. This finding means that either diastereomer can be used as a cyclisation precursor, which should permit greater flexibility in latter stages of the synthetic route. The cyclization reaction of the aldehyde derived from the alcohol 15b was also explored (Scheme 6). Oxidation of the alcohol 15b proceeded in excellent yield and treatment of the resulting aldehyde with a large excess of chromium(II) chloride and a sub-stoichiometric amount (13 mol%) of nickel(II) chloride in dry, degassed DMSO produced an inseparable mixture (2.4:1 ratio, C-5 configuration not established) of the diastereomeric alcohols 16c and 16d (NMR spectra in Supplementary Material) in 43% yield. In an attempt to improve the diastereomeric ratio of the allylic alcohols, an oxidation and reduction sequence was performed. Oxidation of the mixture of alcohols produced the enone 17 ( 1 H-NMR spectrum in Supplementary Material) and subsequent Luche reduction returned a mixture of the alcohols 16c and 16d with a similar diastereomeric ratio to that obtained from the original NHK cyclization reaction.
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Materials and Methods
Air and/or moisture sensitive reactions were performed under an atmosphere of Argon in flame-dried apparatus. When necessary, solvents were dried and purified using a Pure Solv™ solvent purification system (SPS). IR spectra were recorded using a type IIa diamond single reflection element on a Shimadzu FTIR-8400 instrument. The IR spectrum of the compound (solid or liquid) was obtained by analysis of a thin layer at ambient temperature. 1 H and 13 C-NMR spectra were recorded using either a Bruker 400 MHz or 500 MHz Spectrospin spectrometer at ambient temperature; 13 C-NMR NMR spectra were recorded at 101 MHz or 126 MHz. Mass spectra were obtained by ionisation under EI, FAB, CI and ESI conditions on a Jeol MStation JMS-700 instrument. Elemental analyses were performed on an Exeter Analytical Elemental Analyser EA 440 by technical staff at the University of Glasgow. Melting points were recorded with an Electrothermal IA 9100 apparatus.
Synthesis of 4-(pyrrolidin-1-yl)-5-(3-triisopropylsilylprop-2-ynyl)furan-2(5H)-one (2)
To a solution of 1 (653 mg, 4.26 mmol) in THF (6 mL) at −78 • C was added carefully a solution of t-BuLi (4.0 mL of a 1.6 m solution in hexane, 6.4 mmol, 1.5 equiv.). The mixture was stirred for 30 min before a solution of 3-bromo-1-(triisopropylsilyl)-1-propyne (5.88 g, 21.4 mmol, 5.0 equiv.) in THF (8 mL) cooled to −78 • C was added carefully. After 3 h, the mixture was allowed to warm to room temperature over 45 min, and the reaction was quenched by the addition of saturated aqueous NH 4 Cl solution (10 mL). The mixture was diluted with ethyl acetate (20 mL) and the phases were separated. The aqueous phase was extracted with ethyl acetate (2 × 10 mL) and the combined organic extracts were washed with brine (20 mL), then dried over MgSO 4 
Synthesis of 5-oxo-2-(3-triisopropylsilylprop-2-ynyl)-2,5-dihydrofuran-3-yl trifluoromethanesulfonate (3)
A solution of the lactone 2 (1.83 g, 5.27 mmol) was added to a solution of hydrochloric acid in EtOH (30 mL of a 1.2 m solution, 38 mmol, 7.1 equiv.) at 0 • C followed by water (3.0 mL). The mixture was heated at 78 • C for 5 h, cooled to room temperature and diluted with water (10 mL) and Et 2 O (40 mL). The phases were separated and the aqueous phase was extracted with Et 2 O (2 × 20 mL). The organic extracts were combined and washed with brine (20 mL), then dried over MgSO 4 , filtered and concentrated in vacuo. Azeotropic removal of water with toluene (3 × 50 mL) provided an orange residue that was used directly in the next step.
To a solution of the crude acid in CH 2 Cl 2 (53 mL) at −78 • C was added dropwise freshly distilled Hünig's base (1.40 mL, 8.03 mmol, 1.5 equiv.), and after 5 min triflic anhydride (4.15 mL, 6.96 mmol, 1.3 equiv.). The dark red solution was stirred at −78 • C for 1 h, then diluted with CH 2 Cl 2 (30 mL) and warmed to room temperature. The reaction was quenched by the addition of water (20 mL) and the phases were separated. The aqueous phase was extracted with CH 2 Cl 2 (2 × 20 mL), the organic extracts were combined, washed with brine (50 mL), dried with Na 2 SO 4 , filtered and concentrated in vacuo. The solution was warmed gently to room temperature over 2 h and stirred overnight. The reaction was cooled to 0 • C and quenched carefully by success addition of water (4.7 mL), aqueous NaOH (1 m, 4.7 mL) and water (13 mL). After warming to room temperatureand stirring for 1 h, a cloudy white suspension was formed. MgSO 4 (~15 g) was added and the mixture was filtered through a pad of Celite and washed with ethyl acetate (1 L). After concentration in vacuo, the pale-yellow oil obtained was used directly for the next step.
To a solution of the crude diol obtained (6.95 g,~54.2 mmol) in CH 2 Cl 2 (450 mL) was added activated manganese(II) oxide (28.3 g, 326 mmol, 6.0 equiv.) at room temperature. The mixture was stirred vigorously for 2.5 h and further manganese(II) oxide (9.50 g, 108 mmol, 2.0 equiv.) was added three times at regular intervals. The black suspension was then filtered through a pad of Celite and washed with CH 2 Cl 2 (1.5 L). After concentration in vacuo, the crude yellow oil was separated into two fractions-A (3.46 g) and B (3.72 g)-which were used in the subsequent steps without any further purification.
To a solution of the crude aldehyde A (3.46 g,~27.5 mmol) in CH 2 Cl 2 (250 mL), imidazole (2.24 g, 33.0 mmol, 1.2 equiv.), DMAP (336 mg, 2.75 mmol, 0.10 equiv.) and t-butyldimethylsilyl chloride (4.55 g, 30.2 mmol, 1.1 equiv.) were added sequentially. The solution was stirred for 20 min at room temperature and then water (60 mL) was added. The phases were separated and the aqueous phase was extracted with CH 2 Cl 2 (2 × 60 mL). The organic extracts were combined, washed with brine (100 mL), dried over MgSO 4 , filtered and concentrated in vacuo. The resulting pale yellow oil was used immediately in the next step.
To a solution of the silylated aldehyde 5 (~27.5 mmol) in THF (250 mL) at −78 • C was added dropwise n-propylmagnesium chloride (23.3 mL of a 2.0 m solution in THF, 46.6 mmol, 1.7 equiv.). The solution was stirred at −78 • C for 1.5 h, warmed to 0 • C and the reaction was quenched by the addition of a saturated aqueous solution of NH 4 Cl (35 mL). Water (35 mL) and Et 2 O (60 mL) were added and the phases separated. The aqueous phase was extracted with Et 2 O (2 × 60 mL) and the organic extracts washed with brine (120 mL), dried over MgSO 4 , filtered and concentrated in vacuo. The residual material was purified by flash column chromatography (PE-Et 2 O, 9:1) to give the desired alcohol 6 as a colourless oil.
The same procedure was used to convert aldehyde B in the alcohol 6 and the batches were combined (10.7 g, 69% over 4 steps). R f = 0.34 (PE-Et 2 To a solution of 1,1-disubstituted alkene 8 (1.07 g, 3.81 mmol) in THF (4 mL), cooled to 0 • C, was added dropwise a solution of 9-BBN (23.0 mL of a 0.5 m solution in THF, 11.5 mmol, 3.0 equiv.). The mixture was warmed to 65 • C for 75 min and then cooled to 0 • C before careful addition of EtOH (18 mL) and aqueous 3 m NaOH (11.5 mL). After 15 min, aqueous hydrogen peroxide (30%, 18 mL) was added. The mixture was heated at reflux for 1 h, cooled to room temperature before the addition of Et 2 O (60 mL) and water (20 mL). The phases were separated and the aqueous phase was extracted with Et 2 O (2 × 50 mL). The organic extracts were combined and washed with brine, To a solution of chloride 12 (449 mg, 1.02 mmol) in THF (2 mL) was added Pd 2 (dba) 3 (57 mg, 0.062 mmol, 6.6 mol %) and triphenylarsine (106 mg, 0.346 mmol, 0.36 equiv.). The purple to yellow mixture was stirred for 5 min at room temperature before a solution of the stannane 4 (419 mg, 0.950 mmol) in THF (9 mL) was added. The mixture was heated at 65 • C overnight, cooled to room temperature and then diluted with Et 2 O (30 mL) and H 2 O (10 mL). The phases were separated and the aqueous phase was extracted with Et 2 O (2 × 20 mL). The organic extracts were combined, washed with brine (30 mL), dried over MgSO 4 , filtered and concentrated in vacuo. To a solution of 13 (1.23 g, 1.80 mmol) in THF (31 mL) at 0 • C was added acetic acid (400 µL, 6.99 mmol, 3.88 equiv.) and TBAF (7.4 mL of a 1 m solution in THF, 7.4 mmol, 4.1 equiv.). The mixture was warmed slowly to room temperature, stirred for 24 h and then diluted with water (10 mL) and ethyl acetate (30 mL). The phases were separated and the aqueous phase was extracted with ethyl acetate (2 × 30 mL). The organic extracts were combined, washed with brine (50 mL), dried over MgSO 4 , filtered and concentrated in vacuo. 
